We used a high-performance fluorescence imaging system to visualize rapid changes in intracellular free Ca 2ϩ concentration ([Ca 2ϩ ] i ) evoked by focal applications of extracellular ATP to the hair bundle of outer hair cells (OHCs): the sensory-motor receptors of the cochlea. Simultaneous recordings of the whole-cell current and Calcium Green-1 fluorescence showed a two-component increase in [Ca 2ϩ ] i . After an initial entry of Ca 2ϩ through the apical membrane, a second and larger, inositol triphosphate (InsP 3 )-gated, [Ca 2ϩ ] i surge occurred at the base of the hair bundle. Electron microscopy of this intracellular Ca 2ϩ release site showed that it coincides with the localization of a unique system of endoplasmic reticulum (ER) membranes and mitochondria known as Hensen's body. Using confocal immunofluorescence microscopy, we showed that InsP 3 receptors share this location. Consistent with a Ca 2ϩ -mobilizing second messenger system linked to ATP-P2 receptors, we also determined that an isoform of G-proteins is present in the stereocilia. Voltage-driven cell shape changes and nonlinear capacitance were monitored before and after ATP application, showing that the ATP-evoked [Ca 2ϩ ] i rise did not interfere with the OHC electromotility mechanism. This second messenger signaling mechanism bypasses the Ca 2ϩ -clearance power of the stereocilia and transiently elevates [Ca 2ϩ ] i at the base of the hair bundle, where it can potentially modulate the action of unconventional myosin isozymes involved in maintaining the hair bundle integrity and potentially influence mechanotransduction.
We used a high-performance fluorescence imaging system to visualize rapid changes in intracellular free Ca 2ϩ concentration ([Ca 2ϩ ] i ) evoked by focal applications of extracellular ATP to the hair bundle of outer hair cells (OHCs): the sensory-motor receptors of the cochlea. Simultaneous recordings of the whole-cell current and Calcium Green-1 fluorescence showed a two-component increase in [Ca 2ϩ ] i . After an initial entry of Ca 2ϩ through the apical membrane, a second and larger, inositol triphosphate (InsP 3 )-gated, [Ca 2ϩ ] i surge occurred at the base of the hair bundle. Electron microscopy of this intracellular Ca 2ϩ release site showed that it coincides with the localization of a unique system of endoplasmic reticulum (ER) membranes and mitochondria known as Hensen's body. Using confocal immunofluorescence microscopy, we showed that InsP 3 receptors share this location. Consistent with a Ca 2ϩ -mobilizing second messenger system linked to ATP-P2 receptors, we also determined that an isoform of G-proteins is present in the stereocilia. Voltage-driven cell shape changes and nonlinear capacitance were monitored before and after ATP application, showing that the ATP-evoked [Ca 2ϩ ] i rise did not interfere with the OHC electromotility mechanism. This second messenger signaling mechanism bypasses the Ca 2ϩ -clearance power of the stereocilia and transiently elevates [Ca 2ϩ ] i at the base of the hair bundle, where it can potentially modulate the action of unconventional myosin isozymes involved in maintaining the hair bundle integrity and potentially influence mechanotransduction.
Key words: sensory transduction; cochlea; purinergic receptors; InsP 3 ; endoplasmic reticulum; mitochondria; electromotility; calcium imaging; organ of Corti; Hensen's body Hearing in mammals relies on two types of sensory receptors, the inner and the outer hair cells of the organ of Corti in the cochlea. The defining feature of sensory hair cells is the hair bundle, the mechanoelectrical sensory organelle. Hair cells convert mechanical stimuli into membrane potential variations by activation of mechanosensitive transduction channels located on the stereocilia in the hair bundle (Hudspeth, 1997) . Outer hair cells (OHCs) are additionally capable of a motor activity, converting membrane potential variations into cell shape changes at acoustic frequencies, a property generally defined as electromotility (Kachar et al., 1986; Frolenkov et al., 1998) and presumed to be the forcegenerating mechanism for cochlear amplification.
The mechanosensitive transduction channels of hair cells are nonselective to monovalent cations and permeable to Ca 2ϩ (Chabbert et al., 1994; Lumpkin et al., 1997) . Ca 2ϩ is critical for mechanosensory adaptation in hair cells and is also probably involved in the regulation of OHC electromotility (Dallos et al., 1997) . Beside mechanosensitive channels, hair cells express ATP-activated P2 purinergic receptors on their stereociliary membrane, which faces the endolymphatic fluid compartment of the cochlea (Mockett et al., 1994) . It has recently been proposed that ATP may act as a signaling molecule to modulate receptor function in the cochlea (Housley, 1997; Skellet et al., 1997) . When injected into the endolymphatic compartment of the guinea pig cochlea, ATP had a significant effect on gross cochlear potentials (Muñoz et al., 1995) and on electrically-evoked otoacoustic emissions (Kirk and Yates, 1998) , two macroscopic correlates of sensory function in the organ of Corti.
Two structurally unrelated families of P2-ATP receptors have been identified: P2X, ionotropic receptors and P2Y, G-proteincoupled (metabotropic) receptors; however, a problem that continues to hinder the study of P2 receptors is the lack of familyselective receptor antagonists (Linden, 1999) . In isolated sensory hair cells, application of ATP to the stereocilia has been shown electrophysiologically to gate high-conductance, nonselective cation channels (P2X receptors) that, similar to the mechanosensitive channels, are also permeable to Ca 2ϩ (Housley, 1997 within the OHC cytoplasm peaking in 20 -150 sec (Ashmore and Ohmori, 1990; Nilles et al., 1994) after ATP application. In addition, in a biochemical assay, a C a 2ϩ -mobilizing inositol triphosphate (InsP 3 )-mediated second messenger system, linked to P2Y receptors, was reported in the guinea pig organ of Corti (Niedzielski and Schacht, 1992) . Although the role of ATP as a signaling molecule for OHC s remains undetermined, its ability to affect membrane conductance and [C a 2ϩ ] i makes it a likely key factor in the modulation of the cell sensory -motor activity.
We used a high-performance fluorescence imaging system to analyze, at high space and time resolution, the ATP-activated Ca 2ϩ signals in OHC s of the guinea pig organ of Corti. We also used confocal immunofluorescence microscopy to obtain evidence that an ATP-activated intracellular C a 2ϩ release is linked to an InsP 3 -gated intracellular store located at the base of the hair bundle. In an attempt to determine the f unctional role of this pathway, we monitored the voltage-driven cell shape changes before and after ATP application, showing that the ATP-evoked [Ca 2ϩ ] i rise did not interfere with the OHC electromotility mechanism. Our results suggest that, by focally releasing Ca 2ϩ from an intracellular store via the long-range intracellular messenger InsP 3 , ATP can bypass the efficient C a 2ϩ -clearance mechanisms of the stereocilia and thus directly influence the hair bundle mechanosensory f unctions.
MATERIALS AND METHODS
Cell preparation. Adult guinea pigs (200 -400 gm) were anesthetized with carbon dioxide and decapitated. The temporal bones were removed from the skull and placed in modified Leibowitz cell culture medium (L -15) containing (in mM): NaC l, 137; KC l, 5.36; C aC l 2 , 1.25; MgC l 2 , 1.0; Na 2 HPO 4, 1.0; K H 2 PO 4 , 0.44; and MgSO 4 , 0.81. For some experiments Ca 2ϩ ions were excluded, and the solution was supplemented by 2 mM EGTA (referred to as 0 [C a 2ϩ ] o conditions in the text). pH was adjusted to 7.35 with NaOH and osmolarity to 320 Ϯ 2 mOsm / l with D-glucose. Ca 2ϩ imaging experiments were conducted on cells in the whole organ of Corti, using an isolated cochlea preparation, as previously described (Mammano et al., 1995) , whereas isolated OHC s were used in the experiments requiring the measurement of cell motility. In the latter case, the bulla was opened to expose the cochlea, and the otic capsule was chipped away with a surgical blade, starting from the base. Strips of the organ of Corti were dissected from the modiolus with a fine needle and transferred with a glass pipette to a 100 l drop of L -15 medium placed on a microscope slide. C ells were dissociated by reflux of the tissue through the needle of a Hamilton syringe (number 705, 22 gauge) and allowed to settle on the slide for 5-10 min. Thereafter cells were placed in a laminar flow bath (100 l), where exchange of all solution (Ͼ300 l min) was achieved by gravity feed. Unless explicitly stated, all drugs were purchased from Sigma (St. L ouis, MO).
Patch-clamp recordings and drug deliver y. Conventional whole-cell patch-clamp recordings were made under visual control after mounting the recording chamber on a microscope stage. OHC s were visualized, and the following morphological features were used to determine viability: uniform cylindrical shape, basal location of the nucleus, membrane birefringence, and intact stereocilia. C ells used in this study ranged in length from 40 -70 m and were maintained at room temperature (22-24°C) throughout the experiment. An Axopatch 1-D amplifier (Axon Instruments, Foster C ity, CA) was used to drive pipettes that had been pulled on a two-stage vertical puller (PP-83; Narishige, Tokyo, Japan) from 1.5 mm outer diameter soda glass (C lark Electromedical Instruments, Pangbourne, UK). Current and voltage were sampled at either 2.5 or 100 kHz using a standard laboratory interface (Digidata 1200A; Axon Instruments) controlled by pC lamp 7.0 software (Axon Instruments). Pipettes were filled with an intracellular solution containing (in mM): KC l, 150; MgC l 2 , 2.0; EGTA 0.5; Na 2 HPO 4, 8.0; and NaH 2 PO 4 1.0, adjusted to pH 7.2 with KOH and brought to 320 mOsm / l with D-glucose. To avoid leakage of ATP during seal formation, no ATP was included in the intracellular solution. Over the course of several minutes, this may have caused intracellular ATP to diminish, reducing the ability of the cell to extrude C a 2ϩ and /or to replenish the intracellular stores through the action of the C a 2ϩ ATPases of the soma, hair bundle, and intracellular stores. To minimize such potentially adverse effects, fluorescence images were generally captured within 3-4 min from achieving the whole-cell patch-clamp configuration. For fluorescence imaging (see below), pipettes were filled with the cell-impermeable form of the C a 2ϩ -selective fluorescent dye C alcium Green-1 (100 M; C -3010; Molecular Probes, Eugene, OR) dissolved in the intracellular solution described above. Potentials were not corrected for liquid-junction potentials (expected to be approximately Ϫ4 mV). The pipette resistance was typically 3 M⍀ when measured in the bath. A puff pipette, prepared similarly to the patch pipette and filled with ATP dissolved in the extracellular solution, was placed near the cell stereocilia, and pressure was applied at its back by a Pneumatic PicoPump (PV800; World Precision Instruments) gated by a transistor-transistor logic pulse under software control. Pulse duration was 1-2 sec when measuring the voltage dependence of the ATPevoked ion currents and 100 msec when monitoring rapid changes in intracellular [C a 2ϩ ] . Under these experimental conditions all cells tested responded to ATP. Control experiments in which ATP was omitted from the solution in the puff pipette indicated that the contribution of mechanosensitive transduction currents was negligible. However, as a general precaution, care was taken to consistently orient ATP ejection in the inhibitory direction of mechanosensitivity.
Ca 2ϩ fluorescence imag ing. Fluorescence imaging of intracellular Ca 2ϩ was performed as described in Mammano et al (1999) . Briefly, light from a 75 W stabilized Xenon arc source (C airn Research L td.) was coupled via a liquid light guide, gated by a rapid shutter (UniBlitz; Vincent Associates) to the epifluorescence section of a modular upright microscope (M I 250; Newport). An interference filter and a long-pass dichroic mirror (D480/30x and 505DCL P; Chroma Technology Corporation) were used to select a narrow range of excitation wavelengths around the absorption maximum of C alcium Green-1 (505 nm). Fluorescence emission was selected around 535 nm using a second pair of dichroic blade and interference filter (X F23; Omega Optical). The illumination intensity was attenuated with a diaphragm to avoid phototoxicity by reducing dye photo-bleaching rates to Յ0.5%/sec. The microscope was equipped with an infinity-corrected water-immersion objective (63ϫ, NA 0.90; Achroplan, C arl Z eiss). An achromatic doublet was used as a projection lens to form fluorescence images on a fast (15 M Hz readout rate) CCD sensor (IA-D1; DAL SA, Ontario, C anada) that was cooled by a peltier device (Marlow Industries). The output of the sensor was digitized at 12 bits/pixel by customized electronics to produce 128 ϫ 128 pixel images that were recorded in real time to the R AM of a host PC with a high-performance digital framegrabber (IC PCI /AM-DIG16; Imaging Technology) controlled by customized software. The timing of image capture was determined by sampling the frame-valid signal of the CCD sensor. Recorded images were saved to a UW-SC SI hard drive and analyzed off-line using routines developed from the Image Processing Toolbox of Matlab 5.1 (The Mathworks Inc.). For each image pixel, fluorescence signals were computed as ratios
where t is time, F(t) is fluorescence after a stimulus that causes calcium elevation within the cell, and F(0) is prestimulus fluorescence computed by averaging 10 -20 images. Both F(t) and F(0) were corrected for mean background fluorescence computed from a 20 ϫ 20 pixel rectangle devoid of obvious cellular structures. This local ratio computation is expected to provide correction for time-independent nonuniformity in optical path-length and dye concentration (Neher and Augustine, 1992) . Finally, ratio magnitude was encoded by 8 bit pseudocolor look-up tables to produce pseudocolor images that were smoothed with a 3 ϫ 3 two-dimensional median filter.
Motilit y measurement. Motility measurements were performed as described in Frolenkov et al (1997) . Briefly, OHC movements were recorded with a video camera interfacing with an inverted microscope equipped with Differential Interference Contrast optics to an optical disk recorder (Panasonic TQ-3031F). Digitized images were analyzed off-line with the image-processing system Image 1 (Universal Imaging, West Chester, PA). For movement quantification, a measuring rectangle ranging in length from 5 to 10 m and composed of 3-15 rows of pixels was positioned across the moving edge of the cell. The intensity of the image brightness (in arbitrary units) along these pixel lines was averaged, and the number of points in each raw intensity profile was increased 10ϫ by cubic spline interpolation. Movements of the cell edge were calculated from the shifts, computed by a least-square procedure, in the interpolated intensity profiles. The sensitivity of the measurement was ϳ0.02 m, as previously determined (Frolenkov et al., 1997) .
Nonlinear capacitance measurement. Transient asymmetric currents were measured by rapidly changing the potential of isolated OHC s under whole-cell patch-clamp recording conditions. Measurements of cell capacitance were derived from those of asymmetric currents evoked by prestepping the cell potential to large hyperpolarized values V pre , around Ϫ160 mV, for ϳ1 msec from their resting potential V r , followed by depolarizing steps of variable amplitude and 2-3 msec duration. The potential was then returned to V pre for 2-3 msec before resetting it to V r , preparing the cell for the next step. Charge movement Q was estimated by time-integration of the asymmetric currents at the step offset, when the cell was temporarily returned to V pre , i.e., under constant drivingforce conditions. Because the time constant of the patch-clamp amplifier was in the range 0.1-0.3 msec, Ͼ99.9% of the current had settled within 2 msec corresponding, in the worst case, to 6.6 time constants. Leakage currents were estimated and subtracted off-line by assuming that asymmetric currents had completely decayed at the end of the eliciting pulse. This procedure was found to introduce less noise than the standard P/4 technique (Armstrong and Bezanilla, 1977) . In most cases, ionic currents were not activated appreciably during the brief voltage commands applied (Mammano and Ashmore, 1996) . This was confirmed in test experiments using intracellular and extracellular solutions designed to block most of the voltage-dependent conductances of the OHC s. Data were normalized for differences in cell dimension by estimating the surface area of the lateral fraction of the membrane. Q-V relationships obtained in this way were fitted by scaled Boltzmann f unctions
Here Q 0 (in femtocoulombs per square micrometer) is the maximum specific charge transferred, V p the potential at which the charge is equally distributed, and W ϭ k B T/ze a constant which is a measure of the charge displacement sensitivity to potential. It is expressed in terms of a moving charge of valence z translocating from the inner membrane surface to the outer, across the f ull membrane potential drop V. k B is Boltzmann's constant, T is absolute temperature, and e the charge of the electron.
Immunofluorescence and electron microscopy. For immunofluorescence, guinea pig or rat cochleae (n ϭ 12) were opened and fixed in 4% paraformaldehyde in PBS, pH 7.4, for 1 hr. Rat cochleae were used for the immunolocalization of InsP 3 receptors because of the species specificity of the antibody. Samples were permeabilized with 0.5% Triton X-100 in PBS for 30 min, followed by overnight incubation in blocking solution (5% goat serum plus 2% bovine serum albumin in PBS). Samples were incubated with 2.5 g /ml of affinity-purified primary antibodies for 1 hr [the anti G ␣ -protein antibody was obtained from DuPont (Billerica, M A), and the anti-InsP 3 -receptor antibody was obtained from C albiochem(La Jolla, CA)]. As a secondary antibody, we used FI TCconjugate anti-rabbit IgG (Amersham, Arlington Heights, IL). Samples were viewed with a Z eiss laser scanning confocal microscope or a Z eiss Axiophot microscope equipped with a 63ϫ objective (NA, 1.4). No signal was detected when using the secondary antibody alone. For the G ␣ -protein labeling, we also performed an additional control in which the primary antibody was preadsorbed for 1 hr at room temperature with an excess of the immunogenic peptide (50 g /ml), which suppressed the labeling. For thin-section electron microscopy, organ of Corti samples were fixed using a reduced osmium method (Langford and Coggeshall, 1980) in order to enhance membrane contrast. In summary, the samples were initially fixed in 1.5% glutaraldehyde, 1.0% formaldehyde, and 0.08 M sodium cacodylate buffer, pH 7.4, with 2.5% sucrose for 2 hr at 4°C. After several buffer rinses, the tissues were then post-fixed in 1% osmium tetroxide and 1.5% potassium ferricyanide in cacodylate buffer for 1 hr. After several distilled water rinses, the samples were block-stained with uranyl acetate, dehydrated through an acetone series, then embedded and polymerized in Polybed 812 epoxy resin. For freeze-fracture, specimens were fixed for 2 hr by immersion in 2% glutaraldehyde and 2% paraformaldehyde in 0.1 M sodium cacodylate buffer solution, pH 7.2, rinsed in PBS, cryoprotected in 30% glycerol in PBS, and then frozen by immersion in liquid Freon 22. The frozen samples were fractured at Ϫ120°C and replicated in a Balzers 301 apparatus. Electron micrographs were taken with a Z eiss 902 electron microscope.
RESULTS

Effects of ATP on the whole-cell currents
ATP-evoked currents and C a 2ϩ responses of OHC s were studied in situ, in a preparation of the isolated cochlea that preserved the structural integrity of the organ of Corti (Mammano et al., 1995) . Figure 1 A-C illustrates the experimental paradigm for these recordings. Focal application of ATP at a distance of ϳ10 m from the stereocilia evoked inward currents in OHCs that were voltage-clamped at potentials between Ϫ50 and Ϫ60 mV, near their mean resting potential V r (Ϫ58 Ϯ 4 mV; n ϭ 36). A representative trace of a whole-cell current evoked by a 1 sec application of 50 M ATP is shown (Fig. 1C, top) . Currents of similar amplitude were evoked when ATP was applied for 100 msec (puff application) at a pipette concentration of 1 mM (Fig.  1C, bottom) . The ATP-evoked currents did not show appreciable receptor desensitization even for prolonged applications (up to 10 sec, 50 M; data not shown). Therefore, it was possible to determine the voltage dependence of the ATP-evoked currents by commanding the cell membrane potential to follow a ramp from Ϫ100 to ϩ30 mV before the application of drug and during the peak of the response to 50 M ATP applied for 1-2 sec (Fig. 1 D) . The reversal potential of the ATP-induced current was close to 0 mV (mean, ϩ2 Ϯ 3 mV; n ϭ 12), as previously reported (Nakagawa et al., 1990; Housley et al., 1992) .
Simultaneous measurements of the ATP-evoked currents and [Ca 2؉ ] i responses
To reduce response variability (Raybould and Housley, 1997) , measurements were performed on OHCs from the third row of the third cochlear turn that were 60 -70 m long. When the puff duration was 100 msec and the concentration of ATP in the pipette was 1 mM, the mean amplitude of the ATP-evoked current of the control sample was Ϫ692 Ϯ 108 pA (n ϭ 8). Currents appeared with a delay of 37 Ϯ 4 msec from the puff onset, peaked in 90 Ϯ 6 msec, decayed with variable rates (likely because of differences in the local fluid flow around the stereocilia within the perfusion chamber) and were accompanied throughout by an increase in [Ca 2ϩ ] i . At the apical pole of the cell, the Calcium Green-1 fluorescence change ⌬F/F was maximal, and its rising time course was nearly exponential, with time constant a ϭ 469 Ϯ 42 msec (n ϭ 8); at the synaptic pole the time course was sigmoidal ( Fig. 2 A,B) . The fluorescence responses at various positions along the cell axis were approximated by function,
which is a solution to the one-dimensional diffusion equation (Kevorkian, 1990) , where t is time, x is position, D ϭ 220 m 2 /sec is the diffusion constant of Ca 2ϩ in the cytoplasm (Allbritton et al., 1992) , and A is an amplitude scale factor.
The black solid lines superimposed on the ⌬F/F traces in Figure 2 B, which were generated assuming A ϭ 30 and (from top to bottom) x ϭ 8.5, 20.5, 32.5, 44.5, 56.5, and 68.5 m as the position along the cell axis (measured from the base of the hair bundle), corresponds to the rapid establishment and subsequent relaxation of an intracellular gradient of [Ca 2ϩ ]. The Ca 2ϩ responses decreased with time after the first puff, being reduced by 50 Ϯ 23% (n ϭ 3) of the control after the third application of ATP, whereas the ATP-evoked currents decreased by 20 Ϯ 12% (Fig. 2C,D) . During this time, V r shifted to more depolarized values, probably because of the activation by Ca 2ϩ of nonselective cation channels (Abbeele et al., 1996) . The involvement of L-type Ca 2ϩ -channels in the generation of these ATP-induced Ca 2ϩ responses can be excluded because the associated conductance is activated at potentials more than or equal to Ϫ30 mV (Chen et al., 1995) ; i.e., 20 mV more depolarized than the most positive holding potential used in our experiments.
Spatial localization and temporal resolution of the apical [Ca 2؉ ] i rise
By increasing the secondary magnification of the microscope, the Ca 2ϩ rise at the cell apex was found to have two distinct components. As shown in Figure 3A , ϳ92 msec after the onset of the ATP puff, i.e., by the time the inward current had peaked, focal fluorescence increase was detected at the top of the stereocilia and the cuticular plate. At 153 msec the whole hair bundle cytoplasm was filled with C a 2ϩ . The [C a 2ϩ ] i maximum for this first component was reached at 259 msec. Figure 3B shows a 4 -5 times larger component that started at ϳ0.6 sec, peaked at 2 sec, and localized to a region right below the cuticular plate, 3-10 m from the apical surface. The different localization of these two successive [C a 2ϩ ] i maxima and their temporal relationship to the whole-cell current are highlighted in Figure 3C .
Effects of extracellular Ca 2؉ removal
The two-component pattern of C a 2ϩ signaling suggested possible contributions from different subtypes of P2 receptors. Therefore we performed a set of experiments in which C a 2ϩ ions were transiently removed from the extracellular medium ( and the Ca 2ϩ responses (58 Ϯ 7% ⌬F/F ) increased approximately threefold over the controls in standard 1.25 mM [Ca 2ϩ ] o (n ϭ 3). The Calcium Green-1 fluorescence change (Fig. 4 A) was again maximal at the apical pole of the cell, where it rose nearly exponentially with time constant a ϭ 1497 Ϯ 174 msec, and followed a sigmoidal time course at the synaptic pole. The time course and the location of the ⌬F/F response peak (Fig. 4 B) indicated that the [Ca 2ϩ ] i rise in 0 [Ca 2ϩ ] o corresponded to the second component, observed when Ca 2ϩ was present in the bathing medium, and that the fluorescence increase was caused by intracellular diffusion of Ca 2ϩ after release from stores confined to the cell apex. OHCs were routinely tested for positive responses to ATP before applying pyridoxalphosphate-6-azophenyl-2Ј,4Ј-disulfonic acid (PPADS; 30 M), a selective antagonist to P2 purinoceptors (Lambrecht et al., 1992) . Both current and Ca 2ϩ responses were completely suppressed by PPADS and did not recover after the control solution had been restored for up to 40 min (n ϭ 3; data not shown).
Characterization of the Ca
2؉ release site and the signal transduction pathway Ca 2ϩ -mobilizing P2Y receptors couple via G-proteins to activate phosphoinositide-specific phospholipase C and produce InsP 3 (Linden, 1999) . To determine the possible contribution of InsP 3 -gated intracellular Ca 2ϩ release to the ⌬F/F fluorescence changes, OHC s were loaded with heparin, a specific inhibitor of the InsP 3 receptors (Berridge, 1993) , through the patch pipette. In 0 [Ca 2ϩ ] o and with 7 mg /ml heparin in the pipette (Markram et al., 1995) , the amplitude of the fluorescence changes (12 Ϯ 3% ⌬F/F; n ϭ 3) was reduced to Ͻ 1 ⁄4 of control ( Fig. 5A ; p Ͻ 0.05; paired t test).
In an immuofluorescence assay using an anti-InsP 3 receptor polyclonal antibody, we observed that InsP 3 receptors are highly expressed in the apical cytoplasm (Fig. 5B-D) just below the cuticular plate, where the labeling appeared as a punctuated pattern (Fig. 5C, arrows) . Some fluorescence labeling was also detected at the cell cortex along the lateral wall (Fig. 5D ), indicating that InsP 3 receptors are also expressed, albeit at a lower concentration, in the lateral subsurface cisternae of OHCs.
Conventional transmission electron microscopy showed that the region of the OHC cytoplasm where the intracellular store responsible for the C a 2ϩ release is located coincides with a distinct system of lamellar and tubulovesicular ER cisternae and mitochondria (Fig. 6 A, arrows) named Hensen's body (Lim, 1986) . By contrast, the middle region of the OHC cytoplasm contains very few organelles or cytoskeletal components. The freeze-fracture replicas in Figure 6 , B and C, are close-up views of the Hensen's body, showing a whorl of concentric lamellar and tubulovesicular cisternae and associated mitochondria (arrows), with different degrees of fenestration.
We could not obtain direct immunofluorescence evidence for the presence and localization of P2Y receptors in the apical region of the OHC, because specific antibodies are not available. However, the use of an anti-peptide antibody that identifies the ␣ subunit of G-proteins revealed an intense labeling of the OHC stereocilia (Fig. 7A,B ). This labeling was suppressed when we preabsorbed the antibody with the immunizing peptide (Fig. 7C) .
Voltage-dependent capacitance and electrically evoked motile responses
We tested whether the localized ATP-dependent Ca 2ϩ -release had an effect on the electromotility of isolated OHCs, using a different patch-clamp and video recording set-up. ATP was applied while monitoring both the voltage-driven cell shape changes and their electrical correlates: transient asymmetric currents (Gale and Ashmore, 1997) and nonlinear capacitance (Iwasa, 1997) . In these experiments, nonlinear charge-displacement Q( V) recordings (Fig. 8 A) were obtained by time-integration of asymmetric currents evoked by brief depolarizing voltage steps in the range from Ϫ160 to ϩ100 mV. Data were fitted by scaled Boltzmann functions. The mean Ϯ 1 SE values of the Boltzmann parameters V p , z, and Q max (see Materials and Methods) for the controls were: Ϫ35 Ϯ 7 mV; 0.79 Ϯ 0.02 and 1.6 Ϯ 0.2 fC/m 2 ; and after ATP (applied for 1-2 sec; 50 M) were: Ϫ41 Ϯ 7 mV; 0.82 Ϯ 0.02 and 1.5 Ϯ 0.2 fC/m 2 . The half-activation potential of Q( V), V p , displayed a small, statistically significant (at p ϭ 0.05 level) Ϫ6 mV shift after ATP, corresponding to a change of cell length of ϳ100 nm, while the potential sensitivity, W, was not affected. Numerical differentiation of charge displacement data produced bell-shaped relationships between the specific capacitance, C, and the membrane potential, V. The asymptotic values of C( V) for large positive and negative potentials approached 1 F/cm 2 , as expected for a lipid bilayer, whereas peak values were 2.5 times larger as a consequence of the large polarization charge of the putative membrane motor protein (Iwasa, 1997) . A, Eight selected images from a sequence of 600 frames acquired at the rate of 66 frames/sec; numbers above each image are time in milliseconds from the onset of the ATP puff (1 mM, 100 msec). Notice focal C a 2ϩ elevation at the stereocilia and cuticular plate at 92 msec. The first response maximum is at 259 msec. Scale bar, 10 m. B, Eight subsequent images from the same sequence, plotted with a different pseudocolor look-up table; numbers above each image are time in seconds from the puff onset. The second response maximum is at 2.12 sec. C, Comparison of the fluorescence images at the time of the two response maxima to a bright-field image of the same OHC, showing the different location of the [C a 2ϩ ] i peaks relative to the cell apical surface. The trace to the right is the simultaneous ATP-evoked whole-cell current. The red downward arrow points to the time of puff application. The acquisition times of the two fluorescence images are marked by black arrows. Notice nearly complete decay of the current at 2.12 sec.
DISCUSSION
The large noninactivating inward currents evoked by ATP are consistent with the profile of the ionotropic P2X 2 receptor subtype (Werner et al., 1996; Housley, 1997; Parker et al., 1998) . On the other hand, this was neither the only nor the main source for the [C a 2ϩ ] i increases because: (1) ATP potently mobilized intracellular C a 2ϩ in 0 [Ca 2ϩ ] o ; and (2) this effect was inhibited by heparin, a drug extensively used as a competitive inhibitor of InsP 3 -binding to InsP 3 receptors. The incomplete block of the Ca 2ϩ responses in heparin-loaded OHC s (Fig. 5A ) may be the consequence of limited diff usion of this heav y polyanion (MW, 6000 -20,000) into the cell cytoplasm in the few minutes between the establishment of the whole-cell recording conditions and the beginning of the image acquisition. However, the complete suppression of the C a 2ϩ responses by PPADS in 0 [Ca 2ϩ ] o is compatible with an intracellular signaling cascade activated by P2Y receptors, coupled via G-proteins to InsP 3 production and mobilization of intracellular C a 2ϩ (Brown et al., 1995; Lambrecht, 1996) . Support for this assumption was provided by the immunolocalization of InsP 3 receptors to the apical OHC cytoplasm (Fig. 5) . Immunolabeling with antibodies cross-reacting with a motif common to the ␣ subunit of all G-proteins showed that a G-protein-coupled signaling system is present in the hair bundle of the OHCs (Fig. 7) , which is a necessary albeit not sufficient condition for establishing the presence of metabotropic ATP receptors. When Ca 2ϩ ions were removed from the bathing medium, whole-cell currents were augmented while [Ca 2ϩ ] i surged massively in the subcuticular region of the OHC cytoplasm (Fig. 4) . The explanation of this seemingly paradoxical effect requires consideration of several interrelated facts. First, ATPgated ion channels are partially blocked by Ca 2ϩ (Housley, 1997) . Therefore, Ca 2ϩ removal is expected to facilitate the flow of ionic current across the apical surface of the cell (mostly Na ϩ , with the solutions used; Housley et al., 1998 , buffer ATP by binding to, and possibly reducing, the effective concentration of the agonist (Cockcroft and Gomperts, 1979 (Ashmore and Ohmori, 1990) , and this may relieve, at least in part, the inhibitory action of [Ca 2ϩ ] i on the InsP 3 -induced Ca 2ϩ release (Pozzan et al., 1994; Putney, 1999) . Besides by cytosolic Ca 2ϩ , InsP 3 receptors are regulated by ATP, pH, and phosphorylation (Bezprozvanny, 1995 Figs. 2 B and 4 A) . The results obtained in 0 [Ca 2ϩ ] o are likely to be more representative of the in vivo situation for: (1) [Ca 2ϩ ] o in the endolymph bathing the apical pole of the cell is low (23 M; Wangemann and Schacht, 1996) ; (2) the resting level of [Ca 2ϩ ] i in OHCs in situ and in vitro is probably higher than in vivo because of unavoidable damage caused by the dissection procedure and prolonged exposure of the cell to millimolar levels of Ca 2ϩ in the standard recording medium. The decrease in the Ca 2ϩ responses with multiple ATP applications exceeded that of the associated ATP-evoked currents (Fig. 2 B-D) . This could be caused by (1) the P2X and P2Y receptors exhibiting different degrees of desensitization, and/or (2) desensitization of the intracellular messenger receptors. However, a similar decrease has been reported for supporting cells of the organ of Corti (Dulon et al., 1993) and for inner hair cells (Sugasawa et al., 1996) , even under perforated-patch conditions that should have better preserved the native constituents of the cytoplasm. Thus, the decrease could more simply be the consequence of Ca 2ϩ release from intracellular stores unable to refill under these experimental conditions.
The structural correlates of the Ca 2؉ release
The increase of [Ca 2ϩ ] i , after the application of extracellular ATP to isolated hair cells and supporting cells of the auditory and vestibular sensory neuroepithelia of the chick and the guinea pig in vitro, has been attributed both to intracellular and extracellular sources (Ashmore and Ohmori, 1990; Shigemoto and Ohmori, 1990; Dulon et al., 1991 Dulon et al., , 1993 Rennie and Ashmore, 1993; Nilles et al., 1994; Sugasawa et al., 1996) . However, these studies lacked the spatial and temporal resolution necessary to clearly identify a from a cytoplasmic region just below the cuticular plate, at the base of the hair bundle. This region contains a whorl of tubulovesicular and cisternal ER and densely packed mitochondria forming a distinct structure, the Hensen's body (Lim, 1986) , that is and has long been known, although it has no established functional role. It remains to be established whether also other hair cell types posses an ER that f unctions as a store of releasable Ca 2ϩ . The involvement of specialized portions of ER in InsP 3 -gated Ca 2ϩ release has been observed in excitable and nonexcitable cells, such as hepatocytes and Purkinje neurons (for review, see Pozzan et al., 1994 ). In OHC s, the InsP 3 -receptor labeling and the localization of the C a 2ϩ release to the subcuticular cytoplasm suggest that the Hensen's body might f unction as an InsP 3 -sensitive C a 2ϩ storage compartment. The mitochondria associated with the Hensen's body could have a complementary function. Mitochondria have been shown in other cells to be a major sink for C a 2ϩ clearance when [C a 2ϩ ] i rises into the low micromolar levels (Rizzuto et al., 1993) . Slow export from mitochondria can extend the period during which [C a 2ϩ ] i remains modestly elevated (150 -500 nM), prolonging the period of activation of Ca 2ϩ -dependent enzymes (for review, see Babcock and Hille, 1998) .
Ca
2؉ compartmentalization and the insensitivity of electromotility to ATP
The OHC electromotility machinery is distributed along the entire lateral plasma membrane (Kalinec et al., 1992) . Recently, it has been shown that acetylcholine increases electromotility in isolated OHCs by elevating [Ca 2ϩ ] i (Dallos et al., 1997) . However, an important feature of intracellular Ca 2ϩ signaling is the spatial organization of the [Ca 2ϩ ] i changes. Here we have found that the ATP-induced [Ca 2ϩ ] i variations at the cell apex do not significantly influence electromotility (Fig. 8) . Localized high levels of [Ca 2ϩ ] i in the proximity of Ca 2ϩ release sites have been implicated in the selective activation of specific processes, despite the eventual spread of the [Ca 2ϩ ] i increase, which depends on the cell buffering power, to more distal parts of the cell (Rizzuto et al., 1993) . Hair cells, and more specifically OHCs, are known to contain a large number of highly expressed Ca 2ϩ binding proteins (Pack and Slepecky, 1995; Nomiya et al., 1998) that exert a spatial buffering of Ca 2ϩ , restricting the region of focal [Ca 2ϩ ] i elevation (Roberts, 1993; Hall et al., 1997) . Partial loss of these proteins caused by dialysis under whole-cell patch-clamp condi- tions facilitates the diff usion of the free C a 2ϩ . Therefore the spatial confinement of the ATP-dependent [C a 2ϩ ] i surge to the apical pole of the cell is expected to be even more pronounced under physiological conditions. This localized C a 2ϩ increase is likely to subserve local f unctions related to the adjacent hair bundle structures.
Control of mechanosensory transduction by ATP
Ca
2ϩ entry through the mechanosensitive channels in the stereocilia of hair cells has been shown to serve as a feedback signal in the adaptation process that sets the channel open-probability (Lumpkin et al., 1997) . Moreover, the intracellular binding of Ca 2ϩ to these channels has been posited to promote the increase of tension in the putative channel-gating springs (Markin and Hudspeth, 1995) that might underlie the active bundle movements observed in some vertebrate hair cells (Crawford and Fettiplace, 1985; Assad and Corey, 1992; Choe et al., 1998) . However, C a 2ϩ is rapidly and effectively cleared from the stereocilia after entry through mechanosensory channels (Crouch and Schulte, 1995; Apicella et al., 1997; Burlacu et al., 1997; Yamoha et al., 1998) , which severely limits the spread of Ca 2ϩ to the lower segment of the hair bundle (Lumpkin and .
The stereocilia and the cuticular plate at the base of the hair bundle are supported by dense actin-based networks cross-linked by several unconventional myosin isozymes and actin-binding proteins (Hasson et al., 1997) . Identification of genes responsible for deafness has revealed that novel myosin isoforms and other actin-binding proteins in the hair bundle are essential for inner ear function. For example, it has been shown that myosin-VIIa (Hasson et al., 1997) and myosin 15 (Probst et al., 1998) are required for maintaining the structural integrity of the bundle and for the assembly of the stereocilia into an ordered array, whereas myosin-VI participates in anchoring the stereociliary rootlets to the actin meshwork of the cuticular plate (Hasson et al., 1997) . In addition, myosin 1␤ is found in the stereocilia and in the pericuticular necklace (Hasson et al., 1997) .
The functions of several actin-binding proteins and myosin isozymes are known to be regulated by Ca 2ϩ . Also, the structural and mechanical properties of actin networks containing actinbinding proteins and myosins, such as the leading lamella in Figure 6 . Ultrastructural characterization of the C a 2ϩ release site. A, L ongitudinal thin section electron microscopy along the top half of the cylindrical cell body of an OHC. The stereocilia (st) insert in the dense actin-based filament matrix of the cuticular plate (cp), which is surrounded by the tight/adherens junction complex and together form the transcellular structure named reticular lamina (Fig. 1 A) . The Hensen's body (Hb), a whorl of lamellar and tubulovesicular cisternal ER and associated mitochondria (arrows), is characteristically present in the apical cytoplasm right below the cuticular plate. Subsurface cisternae and mitochondria underlie the whole length of the lateral plasma membrane of the OHC. The middle region of the cylindrical cell body contains very few organelles or cytoskeletal components. Scale bar, 5 m. B, C, Freeze-fracture replica close-up views of the Hensen's body from two OHC s showing the mitochondria (arrows) and the whorl of ER cisternae with different degrees of fenestration. Scale bar, 1 m. motile cells, growth cones in neuronal cells, or the brush border of epithelial cells (which are analogous to the hair bundle actin networks) are known to be sensitive to C a 2ϩ (Regehr and Tank, 1994) . Our results and our hypothesis, that the highly diffusible InsP 3 (Allbritton et al., 1992) is the second messenger for the release of intracellular C a 2ϩ in OHC s, suggest that, by elevating [Ca 2ϩ ] i at the base of the hair bundle, ATP would effectively bypass the efficient C a 2ϩ -clearance mechanisms of the stereocilia. C a 2ϩ released at this strategic location could potentially modulate the action of unconventional myosin isozymes and acting-binding proteins involved in maintaining the hair bundle integrity and potentially influence mechanotransduction. For example, the hair bundle of OHCs, in addition to its role in mechanosensory transduction, serves to mechanically couple the apical surface of the organ of Corti, i.e., the reticular lamina, to the tectorial membrane (Fig. 1 A) . Under physiological conditions, the reticular lamina oscillates not more than a few nanometers (Nobili and Mammano, 1996) . Thus, even subtle changes either in the geometry or in the stiffness of the bundle, e.g., after a [Ca 2ϩ ] i increase, could influence the micromechanics of this coupling, affecting the resonance frequency of the tectorial membrane and the oscillation of the organ of Corti. Inset shows a typical set of leak-subtracted asymmetric currents. Voltage commands are displayed above current traces. B, Length changes measured from a representative OHC under voltage clamp. The holding potential was Ϫ60 mV. Membrane potential was commanded to follow a voltage ramp from Ϫ110 to ϩ40 mV (corrected for access resistance) while recording a sequence of images at standard video rate. The OHC length was determined before (circles), during (triangles), and 4 min after (squares) ATP. Solid lines are Boltzmann fits.
